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Abstract
Rationale—Early onset of alcohol drinking has been associated with alcohol abuse in adulthood. 
The neurobiology of this phenomenon is unclear, but mesolimbic dopamine pathways, which are 
dynamic during adolescence, may play a role.
Objectives—We investigated the impact of adolescent binge-like alcohol on phasic 
dopaminergic neurotransmission during adulthood.
Methods—Rats received intermittent intragastric ethanol, water or nothing during adolescence. 
In adulthood, electrically-evoked dopamine release and subsequent uptake were measured in the 
nucleus accumbens core at baseline and after acute challenge of ethanol or saline.
Results—Adolescent ethanol exposure did not alter basal measures of evoked dopamine release 
or uptake. Ethanol challenge dose-dependently decreased the amplitude of evoked dopamine 
release in rats by 30–50% in control groups, as previously reported, but did not alter evoked 
release in ethanol-exposed animals. To address the mechanism by which ethanol altered dopamine 
signaling, the evoked signals were modeled to estimate dopamine efflux per impulse and the 
velocity of the dopamine transporter. Dopamine uptake was slower in all exposure groups after 
ethanol challenge compared to saline, while dopamine efflux per pulse of electrical stimulation 
was reduced by ethanol only in ethanol-naive rats.
Conclusions—The results demonstrate that exposure to binge levels of ethanol during 
adolescence blunts the effect of ethanol challenge to reduce the amplitude of phasic dopamine 
release in adulthood. Large dopamine transients may result in more extracellular dopamine after 
alcohol challenge in adolescent-exposed rats, and may be one mechanism by which alcohol is 
more reinforcing in people who initiated drinking at an early age.
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Introduction
One hallmark of adolescence is sexual and cognitive maturation, which has been associated 
with risk-taking behavior in teens and exploration of novel experiences, including alcohol 
drinking (Spear 2014). Compared to adults, adolescents are less responsive to many effects 
of alcohol intoxication (motor impairment, sedation, analgesia) and withdrawal (hangover, 
anxiety), but are more sensitive to positive effects of alcohol like euphoria and facilitation of 
social interaction (Wood et al. 1992, Varlinskaya et al. 2001, Spear and Varlinskaya 2005). 
This combination of sensitivities to alcohol enables alcohol drinking by adolescents at well 
above binge levels (Patrick et al. 2013), defined by National Institute on Alcohol Abuse and 
Alcoholism as intake of 4–5 drinks per session producing blood alcohol concentrations of at 
least 0.08 g/dL (NIAAA 2004).
The vulnerability of adolescents to excessive alcohol use is thought to be promoted by an 
immature balance between cortical and limbic brain systems, including cortical control over 
dopaminergic pathways (Crews et al. 2007, Ernst and Fudge 2009, Chartier et al. 2010). 
Many aspects of dopamine transmission are dynamic during adolescence; for example, the 
density of dopamine receptors typically increases (Andersen et al. 2000, McCutcheon and 
Marinelli 2009, Jucaite et al. 2010) and spontaneous firing rates of dopamine neurons are 
higher (McCutcheon et al. 2012). This up-regulated dopaminergic activity in the brain may 
contribute to alcohol abuse in adolescents, impacting neuronal development and leading to 
alcohol use disorder in some individuals. Indeed, epidemiological data show that the earlier 
one starts drinking, the more likely one is to develop alcohol use disorder, although this 
association is not necessarily causal (Grant and Dawson 1998).
Studies using microdialysis revealed that acute ethanol increases tonic concentrations of 
dopamine in the brain of the adult rat (Di Chiara and Imperato 1985, Schier et al. 2013). In 
addition, acute ethanol increases the number of dopamine transients (Robinson et al. 2009), 
which are brief, and high concentrations of dopamine resulting from burst firing of 
dopamine neurons (Sombers et al. 2009) and measured with fast-scan cyclic voltammetry. 
While spontaneous dopamine release is enhanced, ethanol decreases the concentration of 
dopamine release evoked by electrical stimulation of dopamine neurons (Budygin et al. 
2001, Robinson et al. 2005, Jones et al. 2006, Shnitko et al. 2014). In other words, while 
dopamine transients are more frequent (Robinson et al. 2009), they would be smaller. This 
reduction in the amount of dopamine efflux per impulse is likely a negative feedback 
mechanism to compensate for the high extracellular dopamine levels, potentially via 
activation of D2-receptor autoinhibition. Moreover, some studies found that ethanol 
challenge concurrently slows dopamine clearance (Robinson et al. 2005, Shnitko et al. 
2014), which would permit dopamine to accumulate in the extracellular space. Thus, studies 
of acute ethanol effects on dopaminergic neurotransmission revealed complexity of its action 
on dopamine release and uptake.
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Effects of chronic ethanol exposure on dopamine transmission are also under intensive 
investigation. Human imaging studies demonstrated that expression of D2 receptors is down-
regulated in the striatum of abstinent alcoholics (Volkow et al. 1996). In vitro studies found 
that chronic intermittent ethanol exposure in adult mice reduces dopamine release, increases 
uptake and enhances D2-autoreceptor activity in the NAc (Karkhanis et al. 2015). While less 
is known about the consequences of adolescent ethanol exposure on dopamine systems, 
Badanich and colleagues reported that tonic dopamine levels were higher in the nucleus 
accumbens (NAc) of rats exposed to ethanol during adolescence compared to controls 
(Badanich et al. 2007).
These data led us to hypothesize that chronic ethanol exposure during adolescence disrupts 
the mechanisms of dopamine release and uptake. This study evaluated how binge-like 
ethanol exposure in adolescent rats affects electrically-evoked dopamine release and uptake 
in the NAc in adulthood, both at baseline and after ethanol challenge. We predicted that 
acute ethanol challenge would decrease electrically-evoked dopamine release and inhibit the 
rate of dopamine uptake in the NAc of ethanol-naïve rats, as previously demonstrated 
(Budygin et al. 2001, Robinson et al. 2005, Jones et al. 2006, Shnitko et al. 2014). However, 
in rats exposed to binge-like ethanol during adolescence, we predicted that the same 
challenge would not affect dopamine release, and would either not alter or enhance uptake 
via the dopamine transporter.
Methods
Animals
Male Sprague-Dawley rats (N=39) were bred and reared at the University of North Carolina 
at Chapel Hill. Litters were culled to 10 pups with no more than 6 males per litter. They 
were weaned on postnatal day (P) 21 and pair-housed in a temperature- and humidity-
controlled room on a 12-h light-dark schedule with food and water available ad libitum. All 
procedures complied with the Guide for Care and Use of Laboratory Animals and were 
approved by the Institutional Animal Care and Use Committee of the University of North 
Carolina.
Adolescent intermittent ethanol exposure
Adolescent intermittent ethanol (AIE) exposure occurred from P25–P45; this period was 
previously defined as early to middle adolescence in rats (Spear 2015). On P25, pairs of rats 
(sibling cage-mates) were assigned to an experimental group: non-manipulated control 
(NM), water-exposed control (WAT) and ethanol-exposed (AIE). Rats were assigned in a 
balanced order, such that only one pair of rats per litter was assigned to a particular group. 
AIE rats received 4g/kg ethanol (25% v/v solution in water) intragastrically (i.g.) every other 
day, as previously described (McClory and Spear 2014). WAT rats were given i.g. water at 
volumes equivalent to the ethanol doses. In total, 11 doses were administered from P25 to 
P45, 48 hours apart, to rats in WAT and AIE groups. NM rats were weighed on P25 and P45, 
but were otherwise unhandled by researchers. After the final administration on P45, rats 
were allowed to reach adulthood (P75). The periods of adolescent exposure and 
voltammetric measurement are indicated in the timeline of the experiment in Figure 1A. As 
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demonstrated in Figure 1B, body weights were similar across the three groups during the 
exposure period.
Fast scan cyclic voltammetry
Dopamine measurements were conducted in the NAc core of adult rats (P75 to 85) by using 
fast-scan cyclic voltammetry and carbon-fiber microelectrodes (87±16 µm length, 6–7µm 
diameter). On the day of the experiment, rats were anesthetized with urethane (50% w/w in 
saline, 1.5g/kg, i.p.) and placed in a stereotaxic frame on a heated pad for the surgery and 
experiment. The skull was exposed and holes were drilled above the NAc core (AP +1.6mm, 
ML −1.8mm) and the VTA (AP −5.2mm, ML −1.0mm). The stimulating electrode (bipolar, 
parallel, stainless-steel, 0.2mm diameter/tip; Plastics One, Roanoke, VA) was initially 
lowered to the VTA at DV −8.0mm from bregma while the carbon-fiber electrode was 
initially placed in the NAc at DV −6.0mm from the skull surface. An Ag/AgCl reference 
electrode was positioned in the cortex contralateral to the carbon-fiber electrode and secured 
with a stainless-steel screw and dental cement.
Next, a triangle-waveform potential ramping from −0.4V to +1.3V and back to −0.4V at 
400V/s (vs Ag/AgCl reference electrode) was applied to the carbon-fiber electrode at 10Hz. 
The carbon-fiber and stimulating electrodes were lowered at 0.2mm increments into the NAc 
and the VTA to optimize the VTA-evoked dopamine release signal to >30-fold higher than 
the root mean square of the background. Dopamine release in the NAc was evoked by 
electrical stimulation (24 biphasic, square-wave pulses, 2ms/phase, 125–185µA, 60Hz) 
delivered to the VTA every 5 min. Carbon-fiber electrodes were calibrated post-
experimentally using 1µM dopamine solution in buffer as previously described (Robinson et 
al. 2009).
Experimental design
In order to investigate the effect of AIE on changes in dopamine release and uptake evoked 
in the NAc by ethanol challenge, rats were given ethanol or saline during the experiment. 
One rat per cage was randomly assigned to the ethanol-challenge or saline-challenge 
experimental group, and its cage-mate sibling was assigned to the alternate group. In each 
rat, three baseline (BL) evoked dopamine signals were recorded, followed by saline (SAL) 
injection (intraperitoneal, i.p) and three subsequent evoked dopamine recordings. The saline 
injections were given to provide within-subject analysis and control for the effect of an 
injection. Next, rats in the saline-challenge groups received three saline injections while rats 
in the ethanol-challenge groups received three ethanol injections. The injections were given 
15 min apart in cumulative dosing: 1g/kg, 1g/kg (cumulative 2g/kg), 2g/kg (cumulative 
4g/kg) ethanol or equivalent volumes of saline, similar to previous studies (Robinson et al. 
2009, Schier et al. 2013, Shnitko et al. 2014). The period of 15 min was chosen based on the 
evidence that ethanol at various doses reaches near-maximal effects on evoked DA release in 
10 min after injection (Budygin et al. 2001, Robinson et al. 2005). Moreover, both 
microdialysis and proton magnetic resonance spectroscopic analysis yielded peak ethanol 
concentrations in the rat brain within 10–15 min after ~1g/kg dose (Crippens et al. 1999, 
Adalsteinsson et al. 2006). VTA-evoked dopamine signals continued every 5 min. Thus, the 
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design was a group (NM, WAT, AIE) × challenge (ethanol, saline) × dose (BL, SAL, 1.0, 
2.0, 4.0) factorial.
Blood ethanol concentration (BEC) assessment
In order to evaluate ethanol dosing, tail blood samples were collected for subsequent 
analysis using AM1 Analox Alcohol Analyzer (Analox Instruments, MA). During the period 
of adolescent exposure, blood samples were collected on P35 and P45 in rats from AIE 
groups 30 min after i.g. injections. Blood samples were also collected in WAT rats to control 
for any effects of sampling. During voltammetric experiments, blood samples were collected 
immediately after the last dopamine signal (i.e., 15 min after the final dose). Plasma was 
separated using centrifugation and stored at −80°C until analyzed and compared to an 
ethanol standard of 100mg/dl.
Data Analysis
Electrochemical signals detected upon electrical stimulation were analyzed by using color 
plots (TarHeel CV 6.0, Department of Chemistry, UNC Chapel Hill). In the color plots, 
changes in current are plotted as a function of applied potential over time. An increase in 
current at approximately 0.65V vs Ag/AgCl reference electrode was considered to be due to 
oxidation of dopamine after confirmation by analysis of cyclic voltammograms averaged 
over 500 ms around the peak of oxidation current. The oxidation current was converted to 
dopamine concentration, or [DA], by using calibration factors obtained post-experimentally 
and plotted as a function of time. All analyses of release and uptake were conducted on these 
concentration-versus-time traces. In these traces, the maximal [DA] was used as a parameter 
of dopamine release ([DA]max). The traces were also fit to a model describing evoked 
dopamine signals as a balance of efflux and uptake with the Michaelis-Menten kinetic 
equation as described previously (Wu et al. 2001). We used the equation
where [DA]p is dopamine concentration released per pulse of electrical stimulation, f is 
frequency of electrical stimulation and Vmax and Km are the Michaelis-Menten uptake rate 
constants describing velocity and affinity of dopamine transporter, respectively. The time 
course of DA release and decay was fit to the model with the Km held at 200 nM and [DA]p 
and Vmax adjusted to achieve a correlation coefficient of r > 0.8 between the model and the 
experimental data.
Initially, evoked [DA]max, [DA]p and Vmax at baseline were analyzed among groups with a 
one-way ANOVA. The acute effects of ethanol challenge on evoked [DA]max, [DA]p and 
Vmax were analyzed with three-way repeated-measures (RM) ANOVA with group (NM, 
WAT and AIE) and challenge (saline and ethanol) as the between-subject factors and dose 
(SAL, 1, 2 and 4g/kg ethanol) as the within-subject factor. As data were non-normally 
distributed (all p<0.05, Shapiro-Wilk test), we transformed them using a log10 
transformation so they fit the assumptions of the parametric test. The Tukey test was used 
for post-hoc, pairwise comparisons. BECs collected during adolescent exposure and after 
voltammetric measurements were analyzed with a paired t-test and one-way ANOVA, 
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respectively. All statistical analyses were performed using STATISTICA 12.0 (StatSoft, Inc., 
USA). Results with p<0.05 were considered significant.
Results
The concentration of ethanol in the blood of rats 30 min after administration during AIE 
exposure is demonstrated in Figure 1C. BEC in AIE rats were 118±12mg/dl and 
140±17mg/dl on P35 and P45, respectively, indicating that binge-like ethanol levels 
(>80mg/dl) were reached in this study. No significant difference was found in the BEC 
between P35 and P45 (paired t-test, t=−1.00, p>0.05). BEC was also measured after the 
voltammetric recordings, shown in Figure 1D. No BEC differences among the NM, WAT 
and AIE groups were found after ethanol challenge during FSCV measurements (one-way 
ANOVA, F2,10=0.7, p>0.05).
As previous studies reported persistent alterations in dopamine neurotransmission after 
chronic ethanol exposure (Badanich et al. 2007, Budygin et al. 2007, Trantham-Davidson et 
al. 2014), we evaluated whether AIE exposure affected basal evoked dopamine release and 
clearance in the NAc core of rats. A representative VTA-evoked dopamine signal measured 
with FSCV is shown as a color plot in Figure 2A, where the increase in current due to 
oxidation of dopamine occurs at ~0.65V vs the Ag/AgCl reference electrode immediately 
upon electrical stimulation. Figure 2B displays the concentration-versus-time trace for the 
same electrically-evoked signal, and the amplitude of the signal is indicated by [DA]max. 
The corresponding background-subtracted cyclic voltammogram (inset) confirms the 
catecholaminergic nature of the evoked signal. Composite data are shown in Figure 2C, and 
there were no significant differences in baseline [DA]max among the groups (one-way 
ANOVA, F2,36=0.87, p>0.05). Next, these data were modeled using Michaelis-Menten 
uptake kinetics, and neither [DA]p nor Vmax differed across exposure groups (Table 1; 
[DA]p: F2,36=0.96, p>0.05; Vmax: F2,36=1.96, p>0.05).
Ethanol at a variety of doses increases ambient concentrations of dopamine in the striatum 
by increasing the firing rate of dopamine neurons (e.g.Di Chiara and Imperato 1985, Gessa 
et al. 1985). When dopamine release is then electrically evoked, ethanol reliably reduces the 
amount of dopamine released per electrical impulse (e.g. Budygin et al. 2001), presumably 
as readily releasable pools are diminished and negative feedback via autoreceptors is 
engaged. To test our hypothesis that AIE reduces the sensitivity of dopamine 
neurotransmission to acute ethanol challenge, rats from each exposure group received 
sequential ethanol or saline challenges. Cumulative ethanol challenge reduced the VTA-
evoked dopamine signal in control groups, but not in the AIE group, as shown in Figure 3. A 
three-way RM ANOVA yielded a significant interaction among challenge, dose and group 
(F6,99=2.6, p<0.05), indicating that changes in [DA]max varied by time and challenge 
differently across the groups. To identify what dose of ethanol affected [DA]max in each 
group, we performed post-hoc comparisons by using the Tukey test. In the NM group 
(Figure 3A), 4g/kg ethanol significantly decreased [DA]max by 35% versus SAL (p<0.01). In 
the WAT group (Figure 3B), [DA]max was significantly and dose-dependently decreased at 
both 2 and 4g/kg ethanol by 38 and 55% (2g/kg vs SAL and 4g/kg, p<0.05; 4g/kg vs all 
other doses of WAT ethanol challenge as well as the WAT saline challenge, all p’s<0.05). In 
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contrast, in the AIE group (Figure 3C) no significant differences were found between 
ethanol and saline challenges or across ethanol doses. Thus, these results demonstrate that 
while acute ethanol challenge inhibited evoked dopamine release in ethanol-naïve rats, 
consistent with previous studies, it had no such effect on evoked dopamine release in AIE 
animals.
Many factors could contribute to the observed effect of chronic and acute ethanol on VTA-
evoked dopamine signals in this study. Dopamine release is dependent on the density of 
dopaminergic terminals in the recording site activated by the electrical stimulation, the 
regulatory function of D2 autoreceptors and the rate of impulse flow. Moreover, any changes 
in the rate of dopamine uptake directly influences evoked dopamine signals. Therefore, we 
further investigated the mechanism by which acute ethanol challenge altered evoked 
dopamine signals by fitting them to the Michaelis-Menten model described above. Figure 4 
displays evoked dopamine signals (green lines) recorded in the NAc of individual rats from 
WAT and AIE groups, modeled to estimate [DA]p and Vmax of the dopamine transporter 
(Km was held constant at 200nM). The model traces are overlaid on the raw data (blue 
dashed lines), indicating a good fit between the model and the data. The traces recorded in 
the WAT rat (left) illustrate the dose-dependent reduction of the amplitude of evoked 
dopamine signals. However, ethanol did not alter the amplitude of the evoked dopamine 
signals recorded in the AIE-treated animal (right). Kinetic analysis revealed that ethanol 
challenge decreased [DA]p in the NAc of ethanol-naïve but not AIE rats (Table 2). Three-
way RM ANOVA revealed a significant group × challenge × dose interaction (F6,99=2.2, 
p<0.05), indicating that changes in [DA]p varied by time and challenge differently across the 
groups. To identify what dose of ethanol affected [DA]p in each group, we performed Tukey 
post-hoc comparisons. In the NM group, ethanol at 4g/kg decreased [DA]p by 37% (p<0.05 
vs SAL). In the WAT group, both 2 and 4g/kg ethanol attenuated [DA]p by 37 and 52% 
(2g/kg vs SAL, p<0.05; 4g/kg vs SAL and 1g/kg as well as the WAT saline challenge at all 
doses, all p’s<0.05). In contrast, there were no significant effects of ethanol challenge found 
on [DA]p in the AIE group of rats.
We also evaluated the effect of acute ethanol challenge on the velocity of the dopamine 
transporter, Vmax, in the same model (Table 3). Three-way RM ANOVA analysis yielded a 
significant dose × challenge interaction (F3,99=3.22, p<0.05) and a significant main effect of 
dose (F3,99=19.67, p<0.001); all other interactions and main effects did not reach 
significance. Thus, we collapsed the data across adolescent exposure groups before 
calculating post-hoc comparisons. In rats receiving saline challenge, Vmax was slower after 
the final dose of saline (p<0.05 vs SAL), indicating an effect of time. However, ethanol 
challenge produced a dose-dependent effect beyond that observed in the saline-challenge 
rats, as both the 2 and 4g/kg doses significantly reduced Vmax (2g/kg vs SAL, p<0.05; 4g/kg 
vs SAL and 1g/kg, p<0.05).
Discussion
Binge-like drinking is characterized by intermittent, high ethanol concentrations in the blood 
over a short period of time and is a prevalent pattern of drinking among adolescents (White 
et al. 2006, Patrick et al. 2013). Early onset of ethanol drinking is a risk factor for alcohol 
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use disorder, and while many people who drink as adolescents “age out” of binge drinking, 
some adolescent users will experience problematic drinking in adulthood. Dopamine neural 
systems are still developing during adolescence, and ethanol exposure to these systems 
might have consequences that ultimately increase vulnerability to alcohol use disorder in 
adulthood. Thus, this study aimed to investigate the effects of binge-like ethanol exposure 
during adolescence on the dynamics of dopamine release and uptake in the NAc of rats in 
adulthood. Dopamine release was elicited by electrical stimulation consisting of trains of 24 
pulses delivered to the VTA to model burst-firing of dopamine neurons (Sombers et al. 
2009), and the resulting dopamine release events were analyzed to evaluate ethanol effects 
on phasic dopamine.
Initially, we evaluated baseline dopamine release elicited in the NAc by electrical 
stimulation of the VTA, and we found no significant difference between control rats and 
those exposed to intermittent ethanol during adolescence. A previous microdialysis study 
reported that adolescent ethanol exposure enhances basal dopamine concentrations in the 
NAc of adult rats, and this change was not due to alterations in dopamine reuptake 
(Badanich et al. 2007). As extracellular dopamine results from a balance between release 
and uptake, these findings suggest that adolescent ethanol exposure enhances an aspect of 
release, such as the number of active dopamine neurons, their firing frequency, or the 
amount of dopamine release per impulse. Our finding that electrically-evoked dopamine 
signals were not altered at baseline demonstrates that the kinetics of phasic dopamine 
transmission were maintained. Interestingly, other studies found that immediately after 
multiple days of vapor ethanol exposure in adulthood, dopamine uptake was faster in the 
NAc of rodents (Budygin et al. 2007, Karkhanis et al. 2015). However, the present and 
previous data (Badanich et al. 2007) indicated that if adolescent ethanol exposure has a 
similar effect on uptake, it apparently does not persist into adulthood. Future studies could 
more thoroughly compare adolescent versus adult ethanol exposures on baseline tonic and 
phasic neurotransmission of dopamine in dorsal and ventral striatum in order to reveal any 
age-specific elements of ethanol consequences on basal dopamine function.
Next, we evaluated the effect of acute ethanol challenge on electrically evoked dopamine 
release in ethanol-naïve and AIE rats. In ethanol-naive control rats, cumulative ethanol 
dosing dose-dependently decreased the amplitude of the evoked dopamine signals. This 
result corresponds to the previous evidence obtained in vivo in the striatum of both urethane-
anesthetized and awake rats (Budygin et al., 2001, Robinson et al., 2005, Jones et al., 2006, 
Shnitko et al., 2014). In contrast, and supporting our hypothesis, cumulative ethanol dosing 
had no effect on electrically evoked dopamine efflux in the NAc of AIE rats. As previous 
studies have shown, ethanol challenge increases spontaneous firing rate of dopamine 
neurons and increases tonic dopamine concentration in the brain. In the present study, the 
firing of dopamine neurons was elicited by electrical stimulation that was kept consistent 
during the experiments; thus, the reduction of evoked dopamine signals might occur due to 
ethanol effects on [DA]p or activity of dopamine transporter rather than the firing pattern 
producing each dopamine release event.
To evaluate the mechanism by which ethanol altered VTA-evoked dopamine release, we 
modeled the data to extract estimates of efflux and uptake parameters. The analysis revealed 
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that ethanol decreased [DA] p in the NAc of control animals but had no effect in rats exposed 
to ethanol during adolescence. We suggest that in ethanol-naïve rats the reduction in [DA]p 
partially compensates for the well known increase in tonic dopamine concentration induced 
by alcohol challenge, by simultaneously decreasing the amount of dopamine release per 
impulse. Our study demonstrates that adolescent binge-like ethanol disrupts this 
compensatory mechanism, as acute ethanol challenge had no significant effect on [DA]p. 
Thus, it would effectively increase the size of individual dopamine transients in the NAc 
core of rats in response to ethanol challenge later in adulthood, potentially allowing higher 
tonic dopamine concentrations. As the mesolimbic dopamine system is thought to mediate 
the positive reinforcing actions of ethanol especially during the early stages of alcohol use 
disorder (Alaux-Cantin et al. 2013), larger phasic dopamine transients might impact 
subsequent drinking and response to alcohol-associated cues. Consistent with this 
hypothesis, a recent study demonstrated that rats exposed to ethanol during adolescence are 
more sensitive to the reinforcing effects of ethanol, as even small doses of ethanol delivered 
directly to the VTA support self-administration in these rats (Toalston et al. 2014). 
Moreover, adolescent alcohol exposure resulted in enhanced dopamine transients to reward-
predictive cues (Spoelder et al. 2015) and greater c-Fos activation in the NAc and the VTA 
after ethanol challenge later in adulthood (Liu and Crews 2015). More broadly, behavioral 
studies demonstrate that adolescent rats are more sensitive to the positive-reinforcing 
properties of ethanol compared to adults (for review, see (Spear and Varlinskaya 2010)). It is 
possible that AIE results in the persistence of an adolescent-like phenotype in adulthood 
regarding dopamine sensitivity to ethanol, as has been shown with other adolescent-like 
phenotypes (Spear and Swartzwelder 2014). However, critical measurements of ethanol 
effects on [DA]p and Vmax in adolescence that would allow this conclusion have yet to be 
made.
The concentration of released dopamine per impulse is regulated by D2-autoreceptors 
located on the terminals and cell bodies of dopamine neurons (Kennedy et al. 1992). Thus, 
the inability of ethanol challenge to diminish the size of dopamine transients in AIE rats 
might be due to alterations in D2 receptors and ineffective mechanisms of autoinhibition. As 
the dopaminergic projection neurons undergo maturation processes during adolescence, 
including pruning of dopamine receptors in the NAc and the mPFC (Andersen et al. 2002, 
Benoit-Marand and O'Donnell 2008, Naneix et al. 2012), chronic ethanol may disrupt some 
aspect of that process, resulting in the long-lasting reductions in D2 receptors observed in 
subjects with alcohol use disorder (Volkow et al., 1996). Moreover, adolescent binge-like 
ethanol exposure in mice has been demonstrated to reduce gene expression of dopamine 
receptors in adulthood (Coleman et al. 2011). Thus, a future direction for this research is to 
quantify persistent AIE effects on dopamine terminals and receptors that may correspond to 
the changes in dopamine release reported here.
An alternative mechanism by which ethanol might diminish evoked dopamine signals is to 
enhance uptake via the dopamine transporter (Wightman and Zimmerman 1990). In contrast, 
analysis of Vmax of the transporter in this study demonstrated an ethanol-induced decrease in 
the rate of dopamine uptake, and this effect was not group-dependent. Ethanol challenge has 
previously been shown to slow the velocity of the dopamine transporter in the ventral 
striatum of ethanol-naive rats (Robinson et al. 2005). In contrast, other in vitro studies report 
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no effect of ethanol challenge on the rate of dopamine uptake in striatal slices (.Budygin et 
al. 2001, Budygin et al. 2005, Mathews et al. 2006) or increased rates of uptake when human 
dopamine transporter is expressed in cell expression systems (Eshleman et al. 1994, 
Mayfield et al. 2001, Maiya et al. 2002). Which differences among the various preparations 
contribute to the different ethanol effects are unclear, although one potential factor in the 
present preparation is the anesthesia. Specifically, ethanol at higher doses could contribute to 
the sedation produced by the anesthetic and thereby reduce uptake. In support of this 
interpretation, the single study of ethanol effects on electrically-evoked dopamine release in 
awake rats did not find changes in dopamine uptake (Budygin et al. 2001), although that 
study was primarily looking for increases rather than decreases in uptake that would explain 
the reduced electrically-evoked dopamine signal. Arguing against that interpretation, similar 
decreases in dopamine transporter velocity were observed when measured in striatal tissue 
suspensions as were found in anesthetized rats (Robinson et al. 2005). It is likely that this 
issue must be resolved with measurements in awake rats, although it is difficult to evoke 
sufficient quantities of endogenous dopamine release in awake rats to allow for good 
modeling without altering rat behavior. Improvements in the sensitivity of FSCV or 
selective, optogenetic activation of dopamine release may allow such measurements in the 
future.
Recently, we found an attenuating effect of cumulative dosing of ethanol on rate of 
dopamine clearance in the mPFC of ethanol-naïve rats (Shnitko et al. 2014). In that study, a 
single dose (4g/kg) of ethanol decreased evoked dopamine release and attenuated clearance 
in the mPFC of both ethanol-naïve rats and animals treated with ethanol during adolescence. 
Interestingly, while the present study demonstrated a lack of acute ethanol effect on evoked 
dopamine release in the NAc of AIE rats, the previous study found that acute ethanol 
decreased evoked dopamine release in the mPFC of AIE-exposed rats. A caveat to direct 
comparison of the studies is that in the mPFC study a lower dose of ethanol was used for the 
AIE regimen, and we may have missed a critical amount of ethanol exposure required to 
persistently alter mesocortical dopamine release after alcohol challenge. However, an 
alternative explanation is that the timing of the alcohol exposure was optimized to affect 
mesolimbic rather than mesocortical dopamine development, as developmental changes in 
the mesocortical dopaminergic system occur in late adolescence and early adulthood 
(Andersen et al. 2000). In any case, these findings provide a strong rationale for a direct 
comparison of AIE effects on mesocortical and mesolimbic dopamine transients, as the 
resulting data would inform predicted consequences of binge drinking in humans.
There are two caveats to the present study. First, ethanol significantly reduced dopamine 
release at 2 and 4g/kg in the WAT control group while only 4g/kg ethanol affected NM rats, 
suggesting that the handling or stress associated with the gavage procedure accentuated 
sensitivity to a later alcohol challenge. Gavage treatment is not necessarily more stressful 
than other routes of administration, as Turner and coauthors (2012) found no significant 
effects of 28 days of repeated gavage of water on a range of physiological measures and 
behaviors compared to a non-manipulated control group (Turner et al. 2012). However, that 
study began gavage treatment on P37–42, while we began treatment at P25, and early 
adolescence may be a time of particular sensitivity to stressful events, including gavage 
and/or handling. For example, behavioral and neuronal changes in adult rats were 
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demonstrated after exposure to juvenile stress on P27–29 (Jacobson-Pick and Richter-Levin 
2012). However, a recent study from Varlinskaya and colleagues found no difference in 
social behavior of adult male rats after repeated intragastric exposure to water from P25–45 
when compared to males who were not manipulated at that time (Varlinskaya et al. 2014). In 
any case, these results illustrate why it is important to include a non-manipulated control 
group in adolescent treatment studies. A second caveat is that the BACs reported during AIE 
administration are lower than might be expected after 4g/kg ethanol. Other studies have 
shown that this dose of ethanol has little sedative and intoxicating effects on adolescent rats, 
especially by P35 when rats have experienced multiple doses (Broadwater and Spear 2013). 
However, it is possible that we missed the peak BAC as we took blood samples at only one 
time point.
In summary, acute ethanol has many documented effects on dopamine neurotransmission, 
including a reduction in dopamine release per impulse as described here and previously. We 
hypothesize that the diminished dopamine release per impulse is a compensatory mechanism 
in response to increases in firing rate and extracellular dopamine, potentially regulated by 
the D2-type autoreceptor. The critical contribution of the present study is the finding that 
adolescent binge-like ethanol exposure blunts this reduction in dopamine release per impulse 
in the NAc after alcohol challenge in adulthood, without changing ethanol’s effects to slow 
dopamine uptake, and the net effect would be higher and more persistent dopamine 
concentrations in AIE rats compared to controls after an alcohol challenge. Future studies 
can directly test this refined hypothesis by recording spontaneous dopamine release events in 
awake AIE and control-exposed rats after alcohol challenge and self-administration.
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Fig. 1. 
Experimental design. (A) Timeline of the experiment with indicated periods of adolescent 
exposure and voltammetric measurements. (B) Changes in rat weight across adolescence. 
(C) BEC measured on P35 and P45 in AIE rats, 30 min after ethanol administration. (D) 
BEC measured 15 min after the final dose in rats given ethanol challenge during 
voltammetric dopamine measurements
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Fig. 2. 
Dopamine release in the NAc core of rats evoked by electrical stimulation of the VTA. (A) 
Representation of voltammetric signals of dopamine obtained in the NAc of an individual 
rat. In the color plot, changes in the current are depicted in color and plotted as function of 
applied potential on the y-axis and time on the x-axis. Changes in current due to oxidation 
and reduction of dopamine are plotted vs applied potential in the background-subtracted 
cyclic voltammogram on the top. Changes in current resulting from maximal oxidation of 
dopamine (at ~0.65V vs Ag/AgCl reference electrode) are converted to [DA] and plotted vs 
time in the concentration vs time trace demonstrated in B. In both the color plot and the 
[DA] vs time trace, green bars represent a delivery of electrical stimulation to the VTA (at 0 
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sec). (C) Baseline [DA]max in the NAc core of rats from NM, WAT and AIE groups evoked 
by electrical stimulation in the VTA. Data are mean ± SEM, n=12–14 per group
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Fig. 3. 
Effect of the ethanol challenge on evoked dopamine release in the NAc core of rats from 
three groups: NM, WAT and AIE. In x-axis of each graph, SAL indicates injection of the 
vehicle given to each rat prior to any experimental challenge (saline or ethanol). 
Experimental dosing was given cumulatively. Data are presented in percentage of baseline 
and as mean ± SEM (n=12–14 per group and 6–7 per challenge). Results of Tukey tests are 
indicated by *(p<0.05 vs SAL), ×(p<0.05 vs saline challenge) and + (p<0.05 vs 1.0 and 2.0 
g/kg)
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Fig. 4. 
Effect of ethanol challenge on electrically evoked dopaminergic signals in the NAc core of 
individual rats exposed to water or ethanol during adolescence. Evoked dopamine signals are 
presented as [DA] vs time traces with corresponding cyclic voltammograms obtained from 
the peaks of the signals. Data were collected 10 min after injection of saline and indicated 
dose. Vertical dashed lines indicate onset of electrical stimulation (biphasic, 60Hz, 24pulses, 
124µA). Scales demonstrated for the bottom voltammograms are valid for the rest of the 
voltammograms in the corresponding column. Traces of signals modeled with Michaelis-
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Menten method are represented in blue in the corresponding dopaminergic signals. Traces 
were fitted to the dopaminergic signals via changing of [DA]p and Vmax, while Km was held 
at 200nM. Goodness of fit was estimated using Pearson correlation with coefficient r > 0.8
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Table 1
Effect of adolescent intermittent ethanol exposure on VTA-evoked dopamine release and uptake in the NAc of 
adult rats.
Group [DA]p, nM Vmax, nM/s
NM 10.0 ± 0.7 299 ± 30
WAT 10.2 ± 1.3 356 ± 37
AIE 13.0 ± 1.9 406 ± 45
Data are mean ± SEM, n = 12–14/group.
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